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Abstract 

We analyze the polarized Drell-Yan processes with spin-1/2 and spin-1 
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> 
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hadrons in a parton model. Quark and antiquark correlation functions are 
expressed in terms of possible combinations of Lorentz vectors and pseudovec- 



tors with the constrains of Hermiticity, parity conservation, and time-reversal 
invariance. Then, we find tensor polarized distributions for a spin-1 hadron. 
The naive parton model predicts that there exist 19 structure functions. How- 
ever, there are only four or five non-vanishing structure functions, depending 
5_i ■ on whether the cross section is integrated over the virtual-photon transverse 

a i 

momentum Qt or the limit Qt — > is taken. One of the finite structure func- 
tions is related to the tensor polarized distribution b±, and it does not exist 
in the proton-proton reactions. The vanishing structure functions should be 
associated with higher- twist physics. The tensor distributions can be mea- 
sured by the quadrupole polarization measurements. The Drell-Yan process 
has an advantage over the lepton reaction in the sense that the antiquark 

tensor polarization could be extracted rather easily. 
13.85.Qk, 13.88.+e 



Typeset using REVTeX 



I. INTRODUCTION 

Spin structure of the proton has been studied extensively. Although it is not still obvious 
how to interpret the proton spin in terms of partons, it is important to test our knowledge 
of spin physics by using other observables. The spin structure of spin-1 hadrons is a good 
example. In particular, tensor structure exists for the spin-1 hadrons as a new ingredient. 
However, it is not clear at this stage how to describe it in a parton model although there are 
some initial studies |l|-§]. In this sense, the studies of spin-1 hadrons should be a challenging 
experience. 

On the other hand, the Relativistic Heavy Ion Collider (RHIC) will be completed soon 
and new proton-proton (pp) polarization experiments will be done. As a next-generation 
project, the spin-1 deuteron acceleration may be possible ||. With this future project 
and others || in mind, we have completed general formalism for the polarized Drell-Yan 
processes with spin-1/2 and spin-1 hadrons in Ref. J7|. It was revealed that 108 structure 
functions exist in the reactions and that the number becomes 22 after integrating the cross 
section over the virtual-photon transverse momentum Qt or after taking the limit Qt — > 0. 

The purpose of this paper is to clarify how these structure functions are related to the 
parton distributions in the colliding hadrons. In a parton model, it is known that the 
unpolarized distribution /i (or denoted as q), the longitudinally polarized one g\ (Aq), and 
the transversity one hi (Aj-q) are studied in the pp Drell-Yan processes. In addition to 
these, the tensor distribution h\ (Sq) should contribute to our Drell-Yan processes. In the 
following sections, we obtain the cross section in the parton model and then discuss how b\ 
is related to one of the structure functions in Ref. 0. We also study how spin asymmetries 
can be expressed by the parton distributions. 

First, the hadron tensor is obtained in the parton model by finding possible Lorentz 
vector and pseudovector combinations in section pi Then, the cross section is calculated 
by using the hadron tensor. Second, we derive the cross-section expression by integrating 
over Qt or by taking the limit Qt — ► in section ITJ. Third, using the QT-mtegrated cross 



section, we express the spin asymmetries in terms of the parton distributions in [TV[ Finally, 
our studies are summarized in section |V|. 

II. PARTON-MODEL DESCRIPTION OF THE DRELL-YAN PROCESS 

A. Drell-Yan process 

Parton-model analyses of the Drell-Yan process with spin-1/2 hadrons were reported by 
Ralston-Soper ||, Donohue- Gottlieb ||, and Tangerman- Mulders (TM) ||10|| . In order to 
clarify the difference from the spin-1/2 case, we discuss our Drell-Yan process along the TM 
formalism. We consider the following process 

A {spin 1/2) + B (spin 1) -> tt + X , (2.1) 

where A and B are spin-1/2 and spin-1 hadrons, respectively. They could be any hadrons; 
however, realistic ones are the proton and the deuteron experimentally. The description of 
this paper can be applied to any hadrons with spin-1/2 and spin-1. 

Although the formalism of this subsection is discussed in Ref. [ [LU[| , we explain it in 
order to present the definitions of kinematical variables and functions for understanding the 
subsequent sections. The cross section is written in terms of the lepton tensor L^ v and the 
hadron tensor W^ v as @ 

where a = e 2 /(4n) is the fine structure constant, s is the center-of-mass energy squared 
s = (Pa + Pb) 2 , Q is the total dilepton momentum, and Q is the solid angle of the momentum 
ki+ — k(-. The hadron and lepton masses are neglected in comparison with s and Q 2 : 
M 2 Al M\ <C s and m 2 <^C Q 2 . In order to compare with the TM results, we use the same 
notations as many as we can. Three vectors x M , y M , and i M are defined as 

Xf Y^ Z^ 

x» = == , y" = == , F = +^= , (2.3) 



where X M , V M , and Z^ are given in Ref. J7|. The Z^ axis corresponds to the Collins-Soper 
choice [[11|] and these axes are spacelike in the dilepton rest frame. In the same way, Q is 
defined by 

O^ 
Q" = -r= • (2-4) 

It is convenient to introduce the lightcone notation a = [a~ , a + , St], where a 1 * 1 = (a°±a 3 )/v^2- 
The transverse vector a T = [0, 0, St] is projected out by 

$ = g^ - n \n v _ - n\vt , (2.5) 



with n + = [0, k, 0t] and n_ = [1/k, 0,0t], where k = ^xa/xb in the center-of-momentum 
(cm.) frame. The transverse vector is orthogonal to the hadron momenta: aT ■ Pa — 
or ■ Pb = 0. Furthermore, we define g^ as 

gif = tf» - Q»Q V + z"z u , (2.6) 

which projects out the perpendicular vector a± = g^aTu- It is orthogonal to the vectors Q 
and z: a±-Q = a±-z = 0. Because the transverse projection is equal to the perpendicular one 
if the 1/Q term can be neglected [g T v = g^ + 0(1/ Q)], we use the approximation a± ~ ay 
in the following calculations. Nevertheless, the perpendicular vectors are often used because 
they are convenient due to the orthogonal relation. The lepton tensor is expressed in terms 
of these quantities as |TU 



±J Z KgJ^ f^£— T" £ ^£+ ftp— ^c 9 
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[1 + cos 2 6) g^ - 2 sin 2 9z^z u + 2 sin 2 6 cos 20 (x»x v + - g^) 
+ sin 2 6 sin 20 x { ^y u} + sin 26 cos z {fM x u} + sin 26 sin z { ^y u} 



;2.r) 



where 6 and are polar and azimuthal angles of the vector kp+ — kg-, and the notation 
A^B"} is defined by 

A {ti B v} = N"B V + A"B» . (2.8) 



The hadron tensor is given by 

W " U = / (2^¥ elQ< < PaSa; PbSb ' JM(0) J ^ } ' Pa ^ ; Pb5b > ' (2 ' 9) 

where J M is the electromagnetic current, and the hadron momenta and spins are denoted as 
Pa, Pb, Sa, and Sb- The analysis of the hadron tensor is more complicated than the one 
in deep inelastic lepton-hadron scattering because it contains the currents with two-hadron 
states. The leading lightcone singularity originates from the process that a quark emits a 
virtual photon, which then splits into £ + £~ . However, it does not contribute to the cross 



section significantly because the quark should be far off-shell [p^| . The dominant contribution 
comes from quark-antiquark annihilation processes. In the following, we discuss the hadron 
tensor and the cross section due to the annihilation process: g(in A)+g(in B)— > £ + + £~ 
in Fig. 0]. Of course, the opposite process q(in A)+g(in B)— > £ + + £~ should be taken 
into account in order to compare with the experimental cross section. Its contribution is 
included in discussing the spin asymmetries in section [TV]. The first process contribution to 
the hadron tensor in Eq. ( |2.9|) is 

W " V = \H S b'a el [ d A k a d% S\k a + k b -Q) Tri<5> a/A (P A SA; fc„)7 M $ b /B(^^; fofrl , 

6 a,b J 

(2.10) 

where k a and kb = k a are the quark and antiquark momenta, the color average is taken by 
the factor 1/3 = 3 • (1/3) 2 , and e a is the charge of a quark with the flavor a. The correlation 
functions $ q /a and $a/s are defined by 

$ a/A (P A S A ; k a ) l3 = J -0- e^< < P a Sa \ $ a) (0) ^ o) (0 I PaSa > , 

**,b(PbS b ; k- a ) tJ = j -0- e^< < P B S B \ 4 a) (0) ^ (a) (0 I P B S B > ■ (2-11) 

Link operators should be introduced in these matrix elements so as to become gauge invariant 
PI although they are not explicitly written in the above equations. It is also known that 
they become identity in the lightcone gauge. In any case, such link operators do not alter the 
following discussions of this paper in a naive parton model. Figure [I] suggests that the hadron 



tensor could be written by a product of quark-hadron amplitudes. However, the matrix 

indices in the trace of Eq. (£TIJ) look like $f(0)4 a \Z)U[4 a \t)^(0)]BW)jkWh, 
which is not in a separable form. A Fierz transformation JT3] is used so that the index 
summations are taken separately in the hadrons A and B. Using the relation 

4(Y)jk(Y)li = [ljihk + {ilh)ji{ilh)lk ~ (i a )ji(la)lk - (i a i5)ji(l a l5)lk + ^{i(Tal3l5)ji(i^ al3 l5)lk} 9^ 

+ (l {lM Ul u} )ik + (7^75)^(7^75)^ + (icr a{ ^h(™ v} als)ik , (2.12) 

we factorize the hadron tensor as 

WilU = lj2 Sb * e « I d 2 k a Td% T 5 2 (k aT + k bT -Q T ) J -® a/A h a }®b/Bha} 
a,b J L L 

- $a M [7 a 75] ®b/Bh*l 5 ] + l®a/A[i<Tapl5] ®b/B [i^%] } <T + ^a/A^] ^/b[Y } ] 



$a/A[7 {M 7s] $b/fl[7" } 75] + $ aM [w a{/i 7 5 ] $ 6 /B[ia 



v) 



a75j 



+ 0{1/Q). (2.13) 



The definition of the brace is given in Eq. ( |2.8|) . For example, the last term in the 
bracket is explicitly written as ^ a / A [ia a{ ^ 5 ]^ b / B [i<y a^] = ^a/A^ "^] $&/b [^aTs] + 
^a/A[i^ au l5\ *6/b[*ct m q 75]- The functions $ a /A[ r ] and $ 6 / B [r] are defined by 

® a/A [r](xM = l -Jdk-Tr[T$> a/A ] , (2.14) 

§ 6/B [r](x,£ T ) = l -fdk+Tr[Y^ b/B \ , (2.15) 

and we assume k^ <C k£ and k~ <C /c^" in obtaining the factorized expression. The functions 
•j&a/yjl] and $0/^4^75] are obtained as $ a /^[l] ~ 0(1/ Q) and $ a /A^75] — according to the 
calculations in the next subsection, so that they are not explicitly written in Eq. ( 2.13|) . 



As it is obvious from Eq. ( |2.13|) , we do not address ourselves to the higher- twist terms. 



Because the Drell-Yan process of spin-1/2 and spin-1 hadrons is not investigated at all in 
any parton model, we first discuss the leading contributions in this paper. We found 108 (22) 
structure functions in general (after integration over Qt), and most of them are related to 
the higher-twist physics as it becomes obvious in the later sections of this paper. Although 
it is interesting to study the higher-twist terms fl4 ], we leave this topic as our future project. 



B. Correlation functions and parton distributions 

The hadron tensor is expressed by the correlation functions in Eq. ( p.lOj ). We expand 
them in terms of the possible Lorentz vectors and pseudovectors. The correlation function 
§(PS; k) is a matrix with sixteen components, so that it can be written in terms of sixteen 



4x4 matrices 13 



1, 75, YS 7 M 75, ^75 • (2.16) 

Because the spin-1/2 hadron case was already discussed in Refs. [fl— 110|1 , we investigate the 
correlation function for a spin-1 hadron. We discuss it in the frame where the spin-1 hadron 
is moving in the z direction. Because the z cm direction is taken as the direction of the 
hadron A momentum in Ref . [0] , it could mean that we assume the hadron A as if it were 
a spin-1 hadron in this subsection. Of course, appropriate spin-1/2 and spin-1 expressions 
are used for the hadron A and B, respectively, in calculating the hadron tensor and the 
cross section. The correlation function is expanded in terms of the matrices of Eq. fl2.16|) 



together with the possible Lorentz vectors and pseudovector: P M , k^, and S^. However, 
these combinations have to satisfy the usual conditions of Hermiticity, parity conservation, 
and time-reversal invariance. In finding the possible combinations, we should be careful that 
the rank-two spin terms are allowed for a spin-1 hadron. The reader may look at Ref. [[7] for 
the detailed discussions on this point. Considering these conditions, we obtain the possible 
Lorentz scalar quantities. Then, the coefficient Ai is assigned for each term: 

$(PS; k) = A x l + A 2 f + A4 + A, l5 ^ + 4>75[f , $} + 4$75[ft $\ + A 7 k ■ S l5 f + A 8 k ■ S^ 
+ A 9 k ■ 5 75 [P , ft] + A w (k ■ S) 2 1 + A n (k ■ S) 2 f + A 12 (k ■ Sffi + A 13 k-S$ . (2.17) 

For simplicity, the subscripts a and A in $, momenta, momentum fraction, spin, and helicity 
are not written in this subsection. The spin dependent factors (k ■ S) 2 and k ■ S $ do not 
exist in a spin-1/2 hadron, so that the terms A\q, An, A\i, and A\z are the additional ones 
to the spin-1/2 expression in Ref. [0. It means that the interesting tensor structure of the 



spin-1 hadron is contained in these new terms. 



With the general expression of Eq. ( |2.17| ), we can calculate $[r] in Eq. ( |2.13|) . Because 
the new terms contribute only to $[7°], its calculation procedure is discussed in the following 
by using the lightcone representation. The 7 matrices are given by 



' M f —a 



7 



a a 

V 3 V 



li 



%o T 



V 



i<r n 



7 



/ 



+<x 3 



7" 



/ 



T ^^)- 



(2.18) 



It is necessary to calculate <&[7 + ], $[7 ], and $[7 T ] for obtaining the $[7°] term in Eq. 
( p,13| ). Substituting Eq. ( [2.171 ) i n to Eq. ( |2.14| ), we have the expression for &[y + ] as 



$[ 7 +] = - ! dfc-Tr[7+$] 

= X - I dk~Tr [i + {A 2 P + A4 + A n (k ■ S) 2 P + A 12 (k ■ Sff. + A 13 k ■ S S} ] 



(2.19) 



The traces of the lightcone 7 matrices are 



Tr(7 + 7 + ) = Tr(7 7 ) = 0, Tr(7 + 7 ) = Tr(7 7 + ) 
Tr( 7 + 7 T ) = Tr( 7 "7 T ) = 0, Tr^W) = ~^h ■ 



(2.20) 



Therefore, the trace Tr( r y + f) becomes Tr( r y + ]f) = 4P + . Then, introducing the momentum 
fraction x and the helicity A by k + = xP + and S + = XP + /M, we obtain 



$[ 7 - 



d(2k ■ P) 



A 2 + xA 3 + (k T ■ S T f (A n + xA 12 ) -k T -S T — A 13 



(2.21) 



where M is the hadron mass. This equation is written as 

$[ 1 + ] = f 1 (x,k 2 )+b 1 (x,k 2 ) 
with the parton distributions 



/i(x, %?) 



A(k T ■ S T ) 2 2 
T 2 3 



+ ci(x, k?) A 



kx ■ St 
M 



(2.22) 



61 (x, k?) 



d{2k ■ P) \A 2 + k 2 A u /Q + x[A 3 + k 2 A l2 /Q 
d(2k ■ P) k 2 (A n + xA X2 )/A , 



d(x,k^) =- / d(2k-P)A 



113 



(2.23) 



Because the integration variable 2k-P is constrained by the relation k^+k 2 —2xk-P+x 2 M 2 = 
0, it is of the order of 1 despite P + ~ 0(Q). In addition to the usual unpolarized parton 
distribution f\, there appear new distributions b\ and C\ which do not exist for a spin- 1/2 
hadron. The correlation function $[7 + ] can be also expressed by the quark probability 



density V(x, kr) according to Ref. flO 



$i 1 +]=V(x,k T ) 



Integrating over the transverse momentum kx, we obtain 



n^) = /i(^) + ^i(^) 3 (2 |^| 2 - A 2 ) 



(2.24) 



(2.25) 



where the relation A 2 + |Sr| 2 = 1 is used and the functions V(x), fi(x), and bi(x) are defined 
by 

V(x) = / d 2 k T V(x,k T ) , 
ft(x) = / d 2 k T f x {x, k 2 T ) , 
b x (x) = J d 2 k T b x {x,k 2 T ) . (2.26) 



It is obvious from the spin combination in Eq. fl2.25|) that b\ is related to the tensor structure. 



Equation (|2.25|) means that the b\ distribution is given by 

V(x) x=+1 + P(x)x=_i 



h(x) 



V(x] 



A=0 



(2.27) 



Indeed, this definition of the tensor distribution agrees with the one in the lepton-deuteron 
studies 0. On the other hand, C\ should be related to the intermediate polarization accord- 
ing to Ref. 0. This distribution has never been discussed as far as we are aware, so that 
it is simply named C\. This is a brand-new one in this paper. The interesting point of this 
distribution is that it cannot be measured by the longitudinally and transversely polarized 
reactions. The optimum way of observing it is to polarize the spin-1 hadron with the angles 
45° and 135° with respect to the hadron momentum direction. However, as we mention in 



section [TV], it is difficult to attain the intermediate polarization in the collider experiments 



if the deuteron is used as a spin-1 hadron because of its small magnetic moment. It is not 
unique to express c\ in terms of V(x, kr)- For example, it is written by the distributions in 
the intermediate polarizations I\ and 1% of Ref. M as 

-> -^ \k \ -> 

V(x,hr)h -V(x,hr)i 3 = -rr sin0 fc ci(x, h£) , (2.28) 

where <pk is the azimuthal angle of the vector hr- Because its contribution vanishes by 
integrating the correlation function over Qt or by taking the limit Qt — > 0, it could be 
related to higher-twist distributions. This point should be clarified by our future project. At 
this stage, we should content ourselves with the studies of leading contributions because there 
exists no parton- model analysis of the Drell-Yan process with a spin-1 hadron. The same 
calculations are done for the functions $[7"] and $[7 T ]- However, these are proportional to 
0(1/Q), so that they are ignored in the following discussions. 

The other correlation functions are calculated in the same way; however, the results are 



the same as those in Ref. [10] : 



■2, x .. , .. f.2\ k T- S T 



*[7 75] = ^( x : M A(x, kr) = 9il(x, k T )X + g 1T (x, k T 



M 
$[zo- i+ 7 5 ] = V{x, fa) s T (x, k T ) = h 1T (x, k^) ^t + 



h 1L {x,k T ) A + h 1T (x,k T ) 



A n 1 

M ' 
(2.29) 



Here, \(x,hr) and s^(x,kjn) are the quark helicity and transverse polarization densities. 
The longitudinally and transversely polarized distributions are given as 

9il(x, kS) = J d(2k ■ P) (A 4 /M) , g 1T (x, fc T 2 ) = - J d(2k ■ P) M(A 7 + xA 8 ) , 

h 1T (x, k^) = - d{2k ■ P) 2 {A 5 + xA 6 ) , hi L (x, fc T 2 ) = / d{2k -P)2A 6 , 

hwfa k^) = / d( 2k • p ) 2 M 2 A g . (2.30) 



Because the explanations were given for the g\ and h\ distributions in Ref. [m|, we do 
not repeat them in this paper. The A 10 term contributes to $[1] as an additional one to 
the spin-1/2 case; however, it is proportional to 0(1/ Q). The terms with $[1] and $[^75] 

10 



are excluded from our formalism because the relations $[1] ~ 0(1/Q) and $[^75] = are 
obtained by the similar calculations. 

In calculating the Drell-Yan cross section, the antiquark correlation function should be 
also expressed in terms of the antiquark distributions. It is obtained by using the charge- 
conjugation property [10.15] . The antiquark correlation function in the hadron A is related 
to the quark one in the antihadron A by the charge-conjugation matrix C = i r y 2r ) : 



§-a/A = -C- 1 {<S> a/A f C 



(2.31) 



where the superscript T indicates the transposed matrix. Because the quark distribution in 
the antihadron is equal to the antiquark distribution in the hadron, the antiquark correlation 
functions is expressed as 



$[l + }=fi(x,k T 2 ) + b 1 (x,k T 2 ] 



4(k T ■ S T ) 2 2 
T 2 3 



+ ci(x, /ct?) A 



kx ■ St 
M 



-> -> k ■ 9 

*[7 + 7s] = - 9il(x, fc T 2 ) A - gi T (x, k%) 



$[ w '+ 75 ] =h 1T ( x ,k T 2 )S T + 



M 



li-i J ( OC ^ fhrp J A ~\~ fl-irpiOC ^ Krn 



kr ■ St 
M 



Fhrp 

M 



(2.32) 



Furthermore, the anticommutation relations for fermions indicate &ij(PS;k) 
— $ij(P5; —k), so that the distributions satisfy the relation 



j[x, k T ) 



j ( x, k T ) 
+f{-x, k^) 



f = fi, h, 9it, hiT, and h\ T 
f = ci, giL, and h{ L . 



(2.33) 



In this way, we have derived the expressions of the correlation functions in terms of the 
quark and antiquark distributions. As new distributions, the b ly 6 1; c 1; and c\ distributions 
appear in the correlation functions. In particular, the b\ distribution is a leading-twist one 
and it is associated with the tensor structure of the spin-1 hadron. On the other hand, the C\ 
distribution is related to the intermediate polarization of Ref. M and it could be associated 
with higher-twist physics. The other longitudinally and transversely polarized distributions 
exist in the same way as those of a spin- 1/2 hadron. 



11 



C. Structure functions and the cross section 



Because the correlation functions in Eq. (|2.13 ) are calculated, the hadron tensor can be 
expressed in terms of the parton distributions. Neglecting the higher-twist contributions, 
we write the hadron tensor as 

W ^ = ~\ J2 6ba ** [ ^ T d ^ bT 62 ^T + h T -Qt){{ <$>a/ A [l + ] ®b/Bbr] 
a,b J l- 

+ §a/Ah + l5\ §b/Bh~l5\ ) 9t + ^a/A^^lt] §b/ B^' It] (fe^^T^j ~ 9Tij 9t 



(2.34) 

The correlation functions in the previous subsection are substituted into the above equation. 
Then, the integrals over k a T and k a T are manipulated by using the equations in Appendix 



of Ref. [ID]. The calculations are rather lengthy particularly in the transverse h\ part. 
However, because the g\ and h\ portions are the same as the ones in a spin-1/2 hadron 
|i"0| and the calculations of f\, bi, and c% terms are rather simple, we do not explain the 
calculation procedure. Noting that the b± and c\ terms do not exist for the spin-1/2 hadron 
A. we obtain 



\AV 



W» v = -g* 



w T + \x A x B v^- 2 -v^ m 



rUQ {2) 



2 s B1 _ vz wo ™ + 2 (x ■ s B± y v^ 



2 T/ [/Qo(3) 



Xb x ■ S B ± V t 



srx v + ~<K 



X A x ■ S B± Vf T -x-S A± X B V? L - S A ± ■ S B± V? T(1) + x ■ S AL x ■ S B1 _ V? T{2) 



- Aa X b V 2 2 — X A x ■ S B ± V 22 — x ■ Sa± X b V 22 — Sa± • S B ± V 2 2 



+ x ■ S A ± x ■ S B± V 22 



+ (x^S u 2 ± -x-S A± gfj (x ■ S B± U^ A) - X B U%) 

+ (x^S v B \ -x-S B± <?f ) (x • S A ± Ull {3) - X A U%) - (4±<^ } _l - Sa± ■ S BX gfj U^ . 

(2.35) 
The structure functions are expressed by the integral 

I[di d 2 ] = - ^2 <^ a e l / d2 kaT d 2 k bT 6 2 (k aT + k bT - Q T ) di(x A , k 2 T ) d 2 (x B , k^ T ) . (2.36) 

a,b 
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First, the unpolarized structure function is given by 



Wi 



I[fd 



U » 



(2.37) 



where the subscript T of Wt corresponds to the index combination of (0, 0) — (2, 0)/3 in 
the expressions of Ref. [0. The structure functions associated with the factors —g 1 ^ and 
z^z u in W^ u are denoted as Wt and Wt,- Obviously, Wl vanishes in the parton model. The 
longitudinal structure functions Vfi L and V 2 r 2 are 



Vr^ 



V 



, - -4:I[g 1L g 1L ] , 



LL 
2,2 



a + (3- 



Q 2 



T 



Ah 1 - h 1 - 
M A M B 



(2.38) 



where Q T is given by Q T (note Q T ^ — Q T ) and the variables a and (3 are defined by a = k, 
and /3 = k^p. The tensor structure functions become 



V n 



UQo(l) 



V n 



UQ {2) 



V 



UQ (3) 



V 



UQi 



l[fih] , 

-Q 2 T + 2(a + p) - 

Q' T - 2n 



(a-/3) 2 \ A 6 



Vr 



2/3 



2 o , («-/?) 2 \ A6i 



Qrp 

flCl 



p 



(2.39) 



2M S Q T _ 

The superscripts [/, Qo, and Qi indicate the unpolarized state U, quadrupole polarization 
Qo, and quadrupole polarization Qi, respectively 0. For example, V T indicates that 
the hadron A is unpolarized and B is polarized with the quadrupole polarization Q\. The 
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longitudinal-transverse structure functions are 



V^ T =I 



V? L = I 



[-Ql + a-P) 
:-Q 2 T -a + (3) 



9il9it 
2M B Q T 

9it9il 



V^ = I 
I 



'2,2 



'2,2 



U LT ~ I 



u 2,2 _ 1 



2M A Q T 

aQ 2 T + (3 2 + a(3- 2a 2 + 

f3Q 2 T + a 2 + a(3-2(3 2 - 



Ql ) M A M 2 B Q T 

(a-Pf 



h 1 - h 1 - 



Q 2 T M\M B Q T 



(Qt + a - 0)%£^ - (qU<* -P)- 2(« 2 - P 2 ) + {a ' h 



(Ql-a + P) 



2M A Q 7 

2M B Q T 



h 1 - h 1 - 



Q 2 T ) AM A M 2 B Q T 



Q 2 T (a-f3)-2(a 2 -p 2 ) + 



(a - f3f 



n 1T u lL 



Q\ ) AM\M B Q T 



[2A0) 



In the Drell-Yan process of identical hadrons, the structure functions V TL and U TL are equal 
to V LT and U LT . However, they are different in our reactions, so that both types are listed. 
The transverse structure functions are 



V? TW =I 



V^ T(2) =I 



v TT(1) -I 

K 2,2 _ 1 



T/ TT(2) _ j 
K 2,2 - 1 



a 



TT{A) 
2,2 



T jTT(B) _ j 
U 2,2 — 1 



U TT - 1 

u 2,2 - 1 



v> ., ., , ("- P) 2 \ ihr'ht 



-Q T + 2a + 2/3 



Qt 



AM A M B 



-a- (3 + 



Qt 



9\T 9\T 

2M A M B 



Q 2 T{ * + P)-(a-P) 2 -2 {a + P) 2 + ^ + ^ a -V 2 ^-^ 



a 2 + (3 2 - 
Q 2 T -2a 
+ 



Qt 

2(a + 13) (a - (3) 2 {a - (3) A \ h x T hi T 



Q 4 



T 



AM\M 2 B _ 



Qt 



+ 



Qt 



M\ M% 



+ (a - (3)Q 2 T + (a - (3) 2 - 4a(a - (3) 



^ + —Qf~ ) -JmJ + [ {a - 0)Qt + {a - ® 

2a{a-(3) 2 + {a-p) 2 {a + (3) (a - (3) A \ h x T h x T 



Q 2 T -2(3 



Qt 

{a-(3f\ hi T h lT 



Qt 



%M\M 2 B 



Q\ 



2 M\ 



+ - (a - f3)Q 2 T + {a- (3) 2 + 4/3(a - (3) 



+ 



T / * XVX A 

2(3(a-(3) 2 + {a-(3) 2 {a + (3) (a-/?) 4 \ h{ T h x T 



Qt 



Qt 



8M\M 2 



h 1T h 1T - [Qt - 2a - 2(3 + 



(a-Pf 



Q 



h lT hiT h\Th 1T 



AM\ 



AM B 



(2.41) 



Substituting the hadron tensor of Eq. (|2.35| ) and the lepton tensor of Eq. ( |2.7|) into Eq. 
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72[), we obtain the cross section 



da a 



2 



d*Q dtt 2sQ 2 



1 <os 2 6)\ W T + ^X A X B V T LL -^ QoW + 2\S BT \ 2 V^ Qo{2) 



+ 2 \S BT \ 2 cos 2 <p B Vt Qo{3) + X B \Sbt\ cos <p B V? Ql + \ A \S BT \ cos0 B Vf T 

+ X B | Sat I cos 0a V^T l + | Sat 1 1 S BT \ cos(0a - <Pb)V t (1) + | Sat 1 1 S BT | cos 0a cos 4> b V t 

+ sin 2 J - cos 20 f -X A X B V 2 L 2 L + X A \S BT \ cos0 B Vjg + X B \S AT \ cos 0a V 2 T 2 L 

TT(1) . rr TT(A) . TT TT(B), ,,* ,,* , _ o , _ , T/ TT(2) \. 



+ I Sat I IS'btI cos(0 j4 - 0s)(V" 2i 2 + ^2,2 + ^2,2 ) + \ s at\ \Sbt\ COS 0a cos b V 22 u ' ) 
+ |SUt| cos(20 - 0a) A b £/££ + \Sbt\ cos(20 - B ) A A Ug 
+ - sin 20 |^at| \Sbt\ sin(0 A - 0s) (f/Jz ~ UH 



TL , ic I „„„/o^ J. \ \ ttLT 



+ \S AT \ \Sbt\ cos(20 - 0a - B )(£/ 2 i 2 J + f/ 22 l/1 V2 + £& s 7 2 ) 



TT , TT TT{A) , . rr TT(B) 



(2.42) 



This equation indicates that V 2 2 , £/ 2 2 , £^22 \ an d ^JJ cannot be measured in- 
dependently. Only the combinations V 22 + U 22 + U 2 2 , U 22 — U 2 2 , and 
U 22 + U 22 J 2 + U 22 J 2 can be studied experimentally. In our previous paper [|7|], 
we predicted that 108 structure functions exist in the Drell-Yan processes of spin-1/2 and 
spin-1 hadrons. According to Eq. fl2.42| ), there are 19 independent ones in the naive parton 



model. It means that the rest of them are related to the neglected 0(1/Q) terms, namely 
the higher-twist structure functions. Although the V^ term may seem to contribute to 

the unpolarized cross section, it is canceled out by the other UQo-type terms in taking the 
spin average. 

III. Qt integration and the limit q t -> 

Because the 108 structure functions are too many to investigate seriously and many 
of them are not important at this stage, the cross section is integrated over Qt or it is 
calculated in the limit Qt -> ||. There exist 22 structure functions in these cases, and 
they are considered to be physically significant. On the other hand, the cross section of 
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Eq. ( |2.42| ) is obtained at finite Qt- In order to compare with the results in Ref . [0, we 



should investigate the parton-model cross section by taking the Qt integration or the limit 
Qt^O. 

A. Qx-integrated cross section 

First, we discuss the integration of the cross section over Qt- If the hadron tensor Eq. 
( p.34j ) is integrated over Qt, the delta function S 2 (k a T + kbT — QT) disappears. It means that 
the integrations over k a T and hvr can be calculated separately. Then, the integrals with odd 
functions of fcy vanish: e.g. J d 2 k a TF(k 2 T , k^)k a T = 0. Furthermore, the vector Q T can not 
be used any longer in expanding, for example, the integral f d 2 k a Td 2 k bT F(k 2 T , k£,)k^ ± k2 ± 
in terms of the possible Lorentz- vector combinations. We calculate the hadron tensor in the 
similar way with the one in section |IIC| . However, the calculations are much simpler because 
we do not have to take into account Q T . It does not make sense to explain the calculation 
procedure again, so that only the final results are shown in the following. 

The Q^-integrated hadron tensor is expressed as 

W^ = ! d 2 Q T W» v , (3.1) 



and in the same way for the structure functions. Then, the hadron tensor becomes 
W^ = - gT \W T + \ XaXb Vt L ~ 2 (s 2 B1 _ + ±) V U T Qo 

~ (S { / ± S$ ± - S A± ■ S B1 _ tf) Ull , (3.2) 

where the structure functions are written in terms of the parton distributions as 
W 7 T = ^e^ 1 (x A )/ 1 (x B ), 



y T = -^6iWsiM 



U 2 ,2 = -^^e 2 a h 1 (xA)h 1 {x B ) , 

a 

V T =V T =V T =-2_^e a f 1 {x A )bi{x B ) ■ (3.3) 



a 



The quark distributions are defined in the /^-integrated form as 



f(x) = I d 2 k T f(x, k?) for /=/i, g ± (= g 1L ), and b ± 

k 2 - 

h^x) =■ J d 2 k T h 1T (x,kp) + -^h^ T (x,kp) 



(3.4) 
(3.5) 



and in the same way for the antiquark distributions. The other structure functions vanish 
by the Qt integration: 



-UQ (S) _ r-jUQi 

rp V rp 



-.LT _ j-TL _ j-TT{\) _ ~TT(2) _ j-LL _ j-LT 
T — V T — V T — V T — v 2,2 — ^2,2 



_ T7 TL - T7 TT(1) - T7 TT(2) - 77 LT - 77 TL - jt tt{a) - TJ TT{B) - n 

~~ ' 2,2 — ' 2,2 — V 2,2 — U 2,2 ~~ U 2,2 ~ U 2,2 ~~ U 2,2 — U . 

With the expression of the hadron tensor in Eq. ( |3.2|) , the cross section becomes 



(3.6) 



da 



a 



dxA dxB dVL 4 Q 2 



'1 + cos 



— 1 
4' 



— LL . 2 

3 



2 - J ^t + tAaA b ^ + ;(2|5 ot | 2 -A|) ^ Qo 



ttTT 



+ sin 9 \S A t\ \Sbt\ cos(20 — <j>a — <Pb) U 2 2 



(3.7) 



The tensor distribution b\ contributes to the cross section through the structure function 
V T . Because it is given by the multiplication of /x and b\ (/i and b\ in the opposite 



process) in Eq. (|3.3|) , the quark and antiquark tensor distributions could be measured if the 
unpolarized distributions in the hadron A are well known. The b\ is paired with /i; however, 
it is not with gn and h\. This is because of the Fierz transformation in Eq. ( |2.13| ): $ a //i[7 + ] 
is multiplied by $6/5 [7^] and not by the other factors ^b/B[l~l^\ and &b/B[i^~l5\, and the 
tensor distributions appear only in the functions $ q /a[7 + ] and $&/b[7 - ]. Therefore, b\ can 
couple only with / 1; 6 1( and Cx- Since the hadron A is a spin- 1/2 particle, the distributions 
b\ and ex do not exist. In this way, the only possible combination is fi{xA)bi{xB) for the 
process g(in A)+g(in B)— > £ + + l~ . 



B. Cross section in the limit Qt — ► 

The transverse momentum Qt is generally small in comparison with the dilepton mass Q. 
It originates mainly from intrinsic transverse momenta of the partons, so that its magnitude 
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is roughly restricted by the hadron size r: Qt ^S 1/r. In this respect, it makes sense to 
consider the limit Qt — > for finding the essential part. 

The structure functions in Eqs. ( J2.37[ )— (2.41) should be evaluated in this limit. As an 
example, we show how to take the limit for V T in Eq. ( p. 39 ). The integration variables 



k a T and k^ in Eq. (|2.36| ) are changed for fcy and Kt, which are defined by kx = (k a T — kbT)/2 
and K T = k aT + k bT . Then, the delta function is integrated out and the structure function 
is expressed as 



V n 



UQ (2) 



o 2-^ e a 



1 



4fc T 2 - 



4(fc r -Q T ) 

Q\ 



3^ " 2 (k T - Q T /2f y v/ 

x h (x A , (k T + Qt/2) 2 ") bx [x B , (k T - Qt/2) 2 
J [/i6i] inQ T -0, 



(3.8) 



where the function Iq is defined by 



\H 



I [d 1 d 2 ] = -} ^e a J d k T d 1 (xA,k T )d 2 (x B ,k T ] 



(3.9) 



and k T k J T /k^ in the second term of Eq. ( |3.8| ) is replaced by 5j,/2. The other structure 
functions are calculated in the same way. The finite ones are obtained as 



W T = I [f\f\} , V^ L = -AI [g 1L g 1L ] , V^ 



UQo(l) 



Iolfih] = Vt 



UQo(2) 



= V n 



UQo 



V 



TT(1) 



fhrp 



2M A M B 



9 IT 9 IT 



U. 



TT 
2,2 



- k T fh 1T hiT h\T h 1T 

hlThlT + T{^ir + ^i T ~ 



u7 {A) 



y 2,2 



A 7 



4 Mi Ml V Kt 



TT TT{B) 
u 2,2 



1 



:V 



TT(1) 



2.2 



The following ones vanish in the Qt — > limit: 



l B 



(3.10) 



Vn 



UQo(3) 



V T UQl 



v T LT = V T TL = V T TT{2) = V 2 \ L 



v LT — v TL — v 

v 2,2 — v 2,2 ~~ v 2,2 



TT(2) 



rjLT 
u 2,2 



U 2 T 2 L = . 



(3.11) 



9? \Wt + \\a\bV t ll -2^I ± + i , rT 



/"' J n "... :'. \ . \ v -LL _ ,, ( Q 2 _ L i \ yUQ _ Sa± ■ S B± V^ T{1) 



The hadron tensor is expressed by the finite structure functions as 

W^ u = 

+ (Vf + \ g>»\ S A± ■ S B± < 2 T(1) + (x^S u A \ ~x-S A± g>? ) x ■ S B± Ul 
+ (x^S B } ± -x-S BX «f ) £ ■ 5 A± [/ 2 r 2 T(B) - (4l^ } ± - S A± ■ S B± $f ) U£ 



TT(A) 
2 



(3.12) 



Defining U£T by 



TT(A) 



T TT(B) 






(3.13) 



we obtain the cross section as 



da 



a 



cos 



d A Q d£l 2sQ 2 

+ \Sat\ \S B t\cos((J) A 



1 
4 



2 
3 



W T + ~ \a\b Vt L + Z (2\Sbt\ 2 - A 2 R ) V" Qo 



\ B j Vrp 



rTT(l) 



>u) \t ±lj } + sin 6 \Sat\ \Sbt\ cos(20 - <\> A - (f> B ) U. 



TT 
2.2 



(3.14) 



Even though V 2 2 is finite, it does not contribute to the cross section. It is canceled out 

r r r r ( a \ r r r r ( n\ 
by the term U 2 2 +U 22 ■ As it is obvious from the results of this subsection and section 

I [I A , the expressions of the hadron tensors and the cross sections are slightly different in 

the Qt integration and in the Qt — > limit. 

Among many structure functions in Eq. (|2.42|) , we have extracted the essential ones by 

taking the limit Qt — ► or by the Qt integration. According to the expressions of the cross 

section in Eqs. 



and ( 3.14 ), merely the four or five structure functions remain finite: 
the unpolarized structure function Wt, the longitudinal one V^ L , the transverse one(s) U 22 
(V T ), and the unpolarized-quadrupole one V T . Most of them are already known in the 
pp Drell-Yan reactions. The last quadrupole structure function V T is new in the Drell-Yan 
process of spin-1/2 and spin-1 hadrons. 



19 



IV. SPIN ASYMMETRIES AND PARTON DISTRIBUTIONS 

We have derived the expressions for the Drell-Yan cross section in the parton model with 
finite Qt, Qt integration, and Qt — > 0. Because the spin asymmetries are discussed in Ref. 
in the latter two cases, they are shown in the Qx-integrated case as an example in this 
section. The polarized parton distributions for a spin-1 hadron are illustrated in Fig. |2|. As it 
is obvious from Eq. (|2.29|) , the longitudinally polarized (transversity) distribution is defined 
by the probability to find a quark with spin polarized along the longitudinal (transverse) 
spin of a polarized hadron minus the probability to find it polarized oppositely. On the other 
hand, the tensor polarized distribution h\ is very different from these distributions according 
to Eq. (|2.27| ). It is not associated with the quark polarization as shown by the unpolarized 
mark • in Fig. |2|. It is related to the "unpolarized" -quark distribution in the polarized spin-1 
hadron. The tensor distribution is essentially the difference between the unpolarized-quark 
distributions in the longitudinally and transversely polarized hadron states as it is given in 
Eq. O. 

In Ref. 0, fifteen spin combinations are suggested . However, most of them vanish in 
the parton model by the Qt integration. There are only four finite structure functions, and 
three of them exist in the pp Drell-Yan processes. First, the unpolarized cross section is 

do \ a 2 _ 2 /!\777 

iz [l + cos 2 6) W T 



dxA dx B dil I AQ 2 

l + co S 2 e)^^[/ 1 (x A )/ 1 (x B ) + / 1 (x,)/ 1 (x B )]. (4.1) 



4Q 2V J 3 

Next, the longitudinal and transverse double spin asymmetries are 

All = 



2 < a > 4 W T 

_ T,a e l [9i(xa) 9i( x b) + 9i( x a) 9i(x b )} 

T,a e l [/1W/1N + /1W/1M] 

a((f>A = 0,4> B = 0) -a((pA = tt,0b = 0) sin 2 9 cos 20 U 22 
2 < o > 1 + cos 2 6 W T 

_ sin 2 6» cos 2(f) J2 a e l [hi{x A )hi{x B ) + hi(x A )h 1 (x B )] 
' 1 + cos 2 9 Z a el [fi(x A )f 1 (x B ) + f 1 (x A )f 1 (x B )] ' 
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(4.2) 



where we have explicitly written the contribution from the process g(in A)+g(in B)— > £ + +£~ 
in addition to the one from q(m A)+g(in B)— >• £ + + t~ . The subscripts of ]l, II, and 
+ 1l indicate the longitudinal polarization. If <p A or <p B is indicated in the expression of 
ct(poIa,PoIb), it means that the hadron A or B is transversely polarized with the azimuthal 
angle <pA or <p B . The above asymmetries are given by the spin- flip cross sections in the hadron 
A, so that A TT corresponds to At(t) in Ref. @. However, the other asymmetry expressions 
of Ref. [0] become the same: A TT = A(t)t — ^t(t) in the parton model. Furthermore, 
the perpendicular transverse-transverse asymmetry is simply given by A^ T = tan 20 A TT . 
It should be noted that our definitions of the asymmetries are slightly different from the 
usual ones in the pp and ep scattering. The asymmetries are defined so as to exclude the b\ 
contributions to the denominator. If the usual definition [cr(| — 1) — a{\ +l)]/[c(T — l)+ cr (T 
+ 1)] is used, the b\ contributes, for example, to the longitudinal asymmetry All- The tensor 
distribution can be investigated by the unpolarized-quadrupole Qo asymmetry 



1 

A UQ 



(T (., + l L ) +(7 (.,-l J 

&{•■, Ql) ~ 



2 <a> 

Ha e l [fl(xA)b 1 (x B ) + fl(x A )b 1 (x B )] 



v" Qo 

W T 

(4.3) 



Y,a e l [fl(xA) fl(x B ) + fl(x A ) fl(x B )] 

where the filled circle indicates that the hadron A is unpolarized. The other asymmetries 
vanish 

Alt = A TL = A UT = A TU = A T q = A U q 1 = A L q 1 = A T q 1 
= A UQ2 = A L q 2 = A TQ2 =0 by the Q T integration. (4.4) 

The only new finite asymmetry, which does not exist in the pp reactions, is the 
unpolarized-quadrupole Q asymmetry A V q . In order to measure this quantity, we use 
a longitudinally and transversely polarized spin-1 hadron with an unpolarized hadron A. 
Then, the quadrupole Q spin combination [[jj should be taken. The b\ and b\ distributions 
could be extracted from the asymmetry Ajjq measurements with the information on the 
unpolarized parton distributions fi(x) and /i(x) in the hadrons A and B. If it is difficult 
to attain the longitudinally polarized deuteron in the collider experiment, we may combine 
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the transversely polarized cross sections with the unpolarized one without resorting to the 
longitudinal polarization. Alternatively, the fixed deuteron target may be used for obtaining 

AuQo- 

There is an important advantage to use the Drell-Yan process for measuring b\ over the 
lepton scattering. In the large Feynman-rc [xp = xa — xb) region, the antiquark distribution 
/i(xa) is very small in comparison with the quark one J\{xa)- Then, the cross section is 
dominated by the annihilation process q(A) +q(B) — > £ + + £~, and the asymmetry becomes 

22a e afl(XA)fl(XB) 

This equation means that the antiquark tensor distributions could be extracted if the un- 
polarized distributions are well known in the hadrons A and B. We note in the electron- 
scattering case that the b\ sum rule is written by the parton model as H] 

J dxb\{x) = hm -^^F Q (t) + 5Q sea , (4.6) 

where M is the hadron mass, Fq(1;) is the quadrupole form factor in the unit of 1/M 2 , 
and 5Q sea is the antiquark tensor polarization, for example 5Q sea = J dx[86u(x) + 28d(x) + 
Ss(x) + Ss(x)]/9 for the deuteron. The first term of Eq. (|4.6|) vanishes, so that the difference 
from the sum rule j dxb\ = could suggest a finite tensor polarization of the antiquarks. 
Although the sum rule is valid within the quark model, the nuclear shadowing effects should 
be taken into account properly [|J as far as the deuteron is concerned. On the other hand, 
the antiquark tensor polarization Sq (or b\) could be studied independently by the Drell- 
Yan process. As the violation of the Gottfried sum rule leads to the light antiquark flavor 



asymmetry u ^ d and the difference was confirmed by the Drell-Yan experiments |]T6 
the antiquark tensor polarization could be investigated by both methods: the sum rule 
of Eq. ( |4.6j ) in the lepton scattering and the Drell-Yan process measurement. However, 
the advantage of the Drell-Yan process is that the antiquark distribution bi(x) is directly 
measured even though it is difficult in the lepton scattering. 

Furthermore, the flavor asymmetry in the polarized antiquark distributions (Aw 7^ Ad, 
Atu 7^ Axd) could be investigated by combining pp and pd Drell-Yan data. It is particularly 
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important for the transversity distributions because the Atu/AtcI asymmetry cannot be 
found in the W ± production processes due to the chiral-odd nature. 

In this way, we find that a variety of interesting topics are waiting to be studied in 
connection with the new structure functions for spin-1 hadrons. In particular, we have shown 
in this paper that the tensor distributions b\ and b\ could be measured by the asymmetry 
Ajjq q in the Drell-Yan process of spin-1/2 and spin-1 hadrons. A realistic possibility is the 
proton-deuteron Drell-Yan experiment, and it may be realized, for example at RHIC ||. In 
order to support the deuteron polarization project in experimental high-energy spin physics, 
we should investigate theoretically more about the spin structure of spin-1 hadrons. 

V. SUMMARY 

We have investigated the Drell-Yan processes of spin-1/2 and spin-1 hadrons in a naive 
parton model by ignoring the Q(l/Q) terms. First, the quark and antiquark correlation 
functions are expressed by the combinations of possible Lorentz vectors and pseudovectors 
by taking into account the Hermiticity, parity conservation, and time-reversal invariance. 
Then, we have shown that the tensor distributions b\ and c% , which are specific for a 
spin-1 hadron, are involved in the correlation function $[7 + ]. The expressions of the other 
functions $[7 + 7s] and $[icr J+ 75] are the same as those of the spin-1/2 hadron in terms of the 
longitudinal and transverse distributions. Using the obtained correlation functions, we have 
calculated the hadron tensor and the Drell-Yan cross section. We found that there exist 19 
independent structure functions in the parton model. Next, we studied two cases: the Qt 
integration and the limit Qt — > 0. In these cases, the c\ contribution vanishes, and there 
are only four or five finite structure functions: the unpolarized, longitudinally polarized, 
transversely polarized, and tensor polarized structure functions. The last one is related 
to the tensor polarized distributions b\ and b\. Although the tensor structure function 
could be measured in the lepton scattering, the Drell-Yan measurements are valuable for 
finding particularly the antiquark tensor polarization. In addition to these topics, there are 
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a number of higher-twist structure functions in the Drell-Yan processes, and they should be 
also studied in detail. 
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FIGURES 
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FIG. 1. Drell-Yan process in a parton model. 
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FIG. 2. Polarized parton distributions in a spin-1 hadron are illustrated. The figures (L), (T), 
and (Qo) indicate the longitudinally polarized, transversity, and tensor polarized distributions. 
The mark • indicates the unpolarized state. 
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